Enhancing light-matter interactions on a chip is of paramount importance to study nano-and quantum optics effects and for the realisation of integrated devices, for instance, for classical and quantum photonics, sensing and energy harvesting applications. Engineered nano-devices enable the efficient confinement of light and, ultimately, the control of the spontaneous emission dynamics of single emitters, which is crucial for cavity quantum electrodynamics experiments and for the development of classical and quantum light sources. Here, we report on the demonstration of enhanced light-matter interaction and Purcell effects on a chip, based on bio-inspired aperiodic devices fabricated in silicon nitride and gallium arsenide. Internal light sources, namely optically-active defect centers in silicon nitride and indium arsenide single quantum dots, are used to image and characterize, by means of micro-photoluminescence spectroscopy, the individual optical modes confined by photonic membranes with Vogel-spiral geometry. By studying the statistics of the measured optical resonances, in partnership with rigorous multiple scattering theory, we observe log-normal distributions and report quality factors with values as high as 2201±443. Building on the strong light confinement achieved in this novel platform, we further investigate the coupling of single semiconductor quantum dots to the confined optical modes. Our results show cavity quantum electrodynamics effects providing strong modifications of the spontaneous emission decay of single optical transitions. In particular, thanks to the significant modification of the density of optical states demonstrated in Vogel-spiral photonic structures, we show control of the decay lifetime of single emitters with a dynamic range reaching 20. Our findings improve the understanding of the fundamental physical properties of light-emitting Vogel-spiral systems, show their application to quantum photonic devices, and form the basis for the further development of classical and quantum active devices that leverage the unique properties of aperiodic Vogel spiral order on a chip.
We experimentally investigate, by means of micro-photoluminescence spectroscopy, the optical properties of suspended silicon nitride (Si 3 N 4 ) membranes (confining light in the visible range of wavelengths) and of gallium arsenide (GaAs) membranes (confining light in the near-infra-red)
where air holes are arranged in a golden-angle Vogel-spiral geometry (see Methods). The devices were designed by considering the local density of optical states (LDOS) computed with an accurate spectral method. The LDOS provides a description of the radiation dynamics of a source embedded into an arbitrary structure, from which the spectral wavelength of high quality factor modes, such as those near the band-gap 16, 20, 22, 23 , can be predicted. Specifically, we utilized the rigorous theory of multi-polar expansion to evaluate the two-dimensional electromagnetic Green tensor , from which the LDOS is rigorously calculated (for more details, see Supplementary Information).
The LDOS is evaluated for arbitrary arrays of parallel and non-overlapping circular cylinders embedded in a non-absorbing medium. The analysis was limited to the transverse electric polarization only, as this is the polarization for which a band-gap is expected to occur in an air-hole membrane 47 . To take into account the out-of-plane losses, we have applied an effective refractive index method where the material dispersion of the dielectric material is replaced by the effective index of the fundamental guided mode in the unperturbed (without air-holes) three-dimensional heterostructure 30 (see Supplementary Informations for more details). Fig. 1(a) shows a map of the LDOS as a function of wavelength and air-hole diameters, and (b) depicts one-dimensional cuts of the LDOS map for Si 3 N 4 devices. The corresponding plots for GaAs are illustrated in panels (c-d).
Clear photonic band-gap and pseudo-gaps (secondary gaps of smaller amplitudes), identified by bright yellow streaks in Figs. 1 (a) and (c), are visible in both configurations and their behaviour is determined by the unique multifractal structural properties of the golden-angle Vogel spiral 16 . For example, there are several peaks, more clearly visible in Figs. 1 (b) and (d) , which correspond to long-lived modes generated by the first-neighbor distributions of the spiral elements 36 . Localized band-edge modes are formed when ring-shaped regions of similar inter-particle separation d are sandwiched between two regions with different values of d, creating a photonic heterostructure 16 .
Representative band-edge modes characterized by these features are reported in Fig. S2 . Moreover, these band-edge modes are often spatially extended, long-lived 36 , and less sensitive to local perturbations. This makes golden-angle Vogel spirals a very appealing photonic platform, due to more robust fabrication tolerances than traditional photonic crystals 42 . The presence of band-gaps despite the relatively low index contrast between silicon nitride and air is related to the long-range order in a nearly-isotropic geometry 16, 20, 25, 49 . Isotropic gaps also imply reduced group velocity modes and therefore increased light-matter interaction, thus making these devices interesting for non-linear optics applications and for the realisation of low-threshold lasers 42, 47 . The LDOS was evaluated at the center of a spiral composed by 350 air-holes and the optimised design resulted in an average hole separation of 273 nm for the Si 3 N 4 and and 220 nm for the GaAs devices.
We first discuss the properties of the free-standing 340 nm-thick silicon nitride membranes grown by plasma-enhanced chemical vapour deposition on a silicon substrate, into which 1000 air holes arranged in a golden-angle spiral geometry were etched (see the Methods section, for more details about the growth and the fabrication of the devices). As previously reported, Si 3 N 4 can emit radiation over a broad range of wavelengths, typically spanning from ∼600 to ∼850 nm, once excited with external light sources emitting in the blue or near-ultraviolet 11 . Such intrinsic photo-luminescence can be used as an internal light source to characterize the confined optical modes 11 , sustained by the golden-angle spiral structure. A scanning electron micrograph image of a fabricated device is shown in Fig. 2a . The sample is placed under a confocal optical microscope and excited with a 405 nm continuous-wave laser with an excitation spot diameter of ∼ 2 µm, which allows light excitation and collection from specific areas of the nano-photonic devices. The emitted light is collected and sent to a grating spectrometer equipped with a charge-coupled device for spectral characterization (see Fig. 2b ).
An example of a collected micro-photoluminescence spectrum is shown in Fig. 3a , where sharp resonances, signature of light confinement, appear above the broad emission from the silicon nitride material. By fitting the resonant peaks with Lorentzian functions, we extract quality factors reaching 2201±443 (see Fig. 3c ), thus exceeding values reported for photonic crystal cavities in silicon nitride operating at visible wavelengths 50, 51 .
It is important to emphasize that the optical resonances supported by open and planar Vogel spirals are embedded in a three-dimensional environment and they can leak out of the two-dimensional plane, according to their quality factors. As a result light is not fully confined in the spiral plane and the resulting optical resonances are actually three-dimensional electromagnetic quasi-modes 36 .
The aperiodic photonic devices under study provide a large number of optical resonances, resembling the behaviour observed in disordered photonic crystal waveguides, confining light along one dimension in the plane 11 . However, here these resonances are three-dimensional electromagnetic quasi-modes with two-dimensional geometrical support of Vogel spiral arrays, with clear advantages for applications since the higher dimensionality of the present devices provides more easily addressable and larger active areas. It is important to emphasize that the optical resonances sup-ported by open, planar Vogel spirals are embedded in a three dimensional environment so that they can leak out of the system plane. As a result light is not fully confined in the spiral plane and the scattering resonances are actual three-dimensional electromagnetic quasi-modes.
We have extensively characterized and tested Si 3 N 4 devices with 165, 170, and 215 nm diameter of the air holes. Examples of the statistics of the collected optical resonances, plotted as a function of wavelength and quality factor Q (a factor that estimates the quality in the light confinement, evaluated as the ratio between the optical resonance central wavelength and its linewidth), are shown in Fig. 4 . We observe that reducing the air-hole diameter (while keeping the rest of the parameters constant) results in a shift of the optical resonances towards longer wavelengths, in agreement with the band-gap calculations shown in Fig.1b , and in an increase in the average quality factors (see Supplementary Information for more discussion, including a comparison to simulations). We also show a wide tunability of the wavelength of the confined optical modes over a 100 nm wavelength window (see Fig. 4a ), proving the suitability of aperiodic systems for the realisation of devices with broad-band operation. Concurrently, reducing the air-hole diameters yields an increase in quality factors. This trend is opposite to what is predicted in our simulations, which are only able to predict in-plane quality factor, neglecting the increased out-of-plane losses of more strongly confined modes 6 . Thus it is not surprising that higher in-plane (predicted) quality factors would result in lower out-of-plane (measured) quality factors (more discussion on this can be found in the Supplementary material). Fig. 4b shows that the probability distributions of the measured quality factors follow lognormal statistics. Interestingly, the log-normal distribution of Q-factors has been predicted and observed in disordered systems in the Anderson-localized regime 24, 25, 31 . However, differently from traditional random media where the log-normal distribution of Q-factor is associated to exponentially localized modes, in Vogel spirals this behaviour is related to the multi-length scale decay of optical resonances, which reflects the multi-fractal complexity of the Vogel-spiral geometry and its LDOS 16 (see Supplementary Informations for more details). Now, we use this platform to carry out quantum electro-dynamics experiments by coupling single emitters to the confined optical modes. To this end, we have fabricated golden-angle Vogelspiral membranes in GaAs, containing a single layer of InAs quantum dots, grown via Stranski-Krastanov technique (for more details about the fabrication process, see the Methods Section).
Compared to silicon nitride, GaAs has the advantage of having a higher refractive index (implying a larger contrast with air, thus improving the efficiency in the light confinement via total internal reflection, as shown in Fig.1 ) and can incorporate efficient sources of quantum and classical light to realize novel light-emitting devices, benefiting from the optical properties of aperiodic systems.
We show that the emission dynamics of single emitters can be strongly modified due to the modulation of the density of optical states in the aperiodic spiral device (see Supplementary information for more details on LDOS simulations).
We excite quantum dot emitters, cooled down to cryogenic temperatures, with an above-band 455-nm light-emitting diode and image the confined optical modes on an electron-multiplied charge-coupled device (see Fig. 2b ). In Fig are then spectrally filtered (see Fig. 2b ) and sent to a silicon avalanche photo-diode for photon counting: time-resolved measurements of the emitted intensity are carried out and the experimental results are fitted with exponential decays to extract the lifetimes of the transitions. When evaluating the decay dynamics of the intensity of the emitted light, we observe strong modifications of the spontaneous emission rate. InAs/GaAs quantum dots located in an unpatterned region of the membrane show lifetimes of ∼1 ns. When coupled to the confined optical modes in our aperiodic photonic devices, instead, we measure lifetimes as short as ∼500 ps: the ratio between the lifetime of quantum dots outside the photonic device and the one measured within the aperiodic structure shows that the spontaneous emission dynamics is Purcell enhanced by a factor 2. We also measure lifetimes of quantum dots within the aperiodic devices as long as 10 ns, showing a slowdown of the decay dynamics of a factor 10 (see Fig. 6 , right panels). Considering the ratio between the longest and shortest lifetime measured, we show a modification of the spontaneous emission rate of single quantum dots with a dynamic range of 20. Such strong changes in the emission lifetimes reflect the modified density of optical states due to the presence of multifractal band-gap and pseudo-gaps in bio-inspired Vogel-spiral structures 16 . Our calculations of the predicted Purcell enhancement show that, for optimally positioned emitters 9,57,58 , Purcell enhancements up to two-orders of magnitude are theoretically expected, showing the promise of aperiodic devices for strong lifetime control.
In conclusion, our results show that aperiodic nano-photonic devices based on bio-inspired Vogel-spiral geometry are a novel and effective platform for efficient light confinement on a chip and for cavity quantum electrodynamics experiments with single emitters. We foresee the application of such devices for nano-lasers, optical sensors and quantum photonic applications for nonlinear optics 21 . In particular, the efficient two-dimensional light confinement and the Purcell enhancement that we have here demonstrated could be utilized for the development of novel laser and single-photon devices where optical angular momentum is imparted to the emitted radiation 37, 56, 59 .
Methods

Vogel spiral geometry
Vogel spirals are described by the parametric equations 60 :
where n = 0, 1, 2, · · · is an integer, a 0 is a positive constant called scaling factor, and α is an irrational number, known as the divergence angle, that specifies the constant aperture between successive elements in the spiral 60 
SUPPLEMENTARY INFORMATION I. TWO-DIMENSIONAL GENERALIZED LORENZ-MIE THEORY
Two-dimensional generalized Lorenz-Mie theory (2DGLMT) is a rigorous spectral method for solving Maxwell's equations in a geometry consisting of an array of non-overlapping, infinite circular cylinders, where waves propagate in the xy plane, orthogonal to the cylinders' axes (z axis by convention). This method has been presented in a number of papers 2, 7, 8, 11 . The presentation here follows the nomenclature used in ref. 9 with modifications to allow for interior and exterior line-source (the 2D equivalent of a dipole) according to Ref. 3 .
In two-dimensional geometries where propagation is constrained to within the plane, electromagnetic waves can be decomposed into two polarizations: transverse electric (TE) (H H H = H zẑ z z) and transverse magnetic (TM) (E E E = E zẑ z z). For a photonic device consisting of air holes embedded in a dielectric medium, such as the device that we are considering, a band-gap is expected to occur for TE polarization 14 . Consequently, the following discussion will be restricted to the case of TE polarization, for which E E E = (E x , E y , 0).
As in traditional Mie-theory formulations 5,10 , the fields are decomposed into exterior and interior components, written as a sum of base functions that reflect the symmetry of the individual scatterers. For cylindrical particles, the basis is given in terms of cylindrical Bessel J l (z) and Hankel functions of the first kind H (+) l (z) of order l. While the Bessel functions describe the source and interior fields, the Hankel functions express the scattered fields radiating from each cylinder.
The total field H E z , consisting of the scattered and incident (exterior) source fields, is given by:
where H E,inc z is the exterior source field (generated by a line-source located in the embedding medium) with base coefficients a 0E nl , and H sca z is the field scattered by all cylinders with base coefficients b nl , known as the Mie-coefficients. Lastly, (ρ n , θ n ) are the cylindrical coordinates centered on the n th cylinder. The interior field is likewise written as:
where H I,inc z is the interior source field (generated by a line-source located inside the n th cylinder), while H int z is the interior field with base coefficients c nl describing the transmission (and/or reflection) of fields at the n th cylinder's boundary.
In order to apply boundary conditions to each cylinder, Graf's addition theorem 1 is used to write all fields in the n th cylinders coordinate system. This leads to a convenient matrix equation relating the source and the Mie coefficients:
where a is a vector related to a 0E nl and a 0I nl , b = b nl , and T(k) is the transfer matrix describing the material and geometrical properties of the structure under investigation. The explicit form of T(k) can be found in Eq. (54) of Ref. 9 .
II. LOCAL DENSITY OF STATES AND PURCELL ENHANCEMENT
The local density of optical states (LDOS) quantifies the number of electromagnetic modes into which photons can be emitted at a given position in space. It is particularly useful for comparison to experimental results because it is related to both the total power and the spontaneous decay rate of light emitted by a dipole source as a function of wavelength and position in a heterogeneous dielectric structure 13, 21 . Moreover, comparing the LDOS in a photonic device to the free-space LDOS quantifies how much light emission is enhanced or suppressed due to the presence of the structure.
In 2D, the LDOS is proportional to the total intensity radiated by a line-source 3 and it is evaluated from the trace of the two-dimensional electric Green's tensor 4 F
where Ω identifies the scanned dielectric region of the device with area A Ω . Note that Ω excludes the air-holes which do not emit any light. The spectrally integrated emission profiles depicted in in the membrane. To take into account the out-of-plane losses 30 , we have considered an effective refractive index evaluated from the fundamental guided mode of a 190 nm GaAs slab surrounded by air. Convergence tests were performed with respect to the multipolar order coefficient l, and we have numerically verified that a value of l max = 4 is adequate. The field summations run from −l max , ..., l max , thus a total of 2 * l max + 1 = 9 angular orders are considered in the calculation.
The spatially-averaged Purcell enhancement is shown in Fig.S1(a) µm where no modes are present. Fig.S2 (b-c) display the electric field intensity, calculated from the curl of eqns.(S1) and (S2) of two representative modes located on the left and right band-edge, respectively. As expected, the field of the left band-edge mode is largely concentrated in the air region, while the field of the right band-edge mode is mostly confined in the dielectric medium 14 .
The complex wavenumbers k m of the modes can be used to calculate their quality factors (Qfactors) through the relation 18, 19 :
The Q-factors of the three device geometries studied in the main text are plotted as a function of wavelength in Fig.S3(a) . The band-gap considerably red-shifts as the air-hole diameter increases. This feature, particularly evident for the D=215 nm configuration, is consistent with the results reported in Fig.1(c-d) of the main text where we show the 1D-LDOS cuts as a function of wavelength. Moreover, Fig.S3 (a) confirms that the high quality factor modes are concentrated near the band-gap 16, 20, 22, 23 . In order to further understand the Q-factor statistics of Fig. 4 , we report in Fig.S3 (b) the histogram of the logarithm of the Q-values. These data are well described by a log-normal probability distribution function (continuous grey-lines). Interestingly, the lognormal distribution of Q-factors has been predicted and observed in uniform media in the regime of Anderson localization 24, 25, 31 . However, differently from traditional random media where the log-normal distribution of Q-factors is associated to exponentially localized modes, optical resonances of Vogel spirals are characterized by a multi-length-scale decaying behavior that is related to the multifractal complexity of their geometrical supports as well as of their LDOS spectra 16 .
There is a notable difference in the trend of Q-factors with the air-hole size for the measured and simulated data. While simulations predict an increase in Q as hole-diameter increases, the opposite was observed in the measurements (see Fig. 4 with respect to Fig.S3 (b) ). This difference is related to the fact that the measured values are a result of interplay between the in-plane (Q ) and out-of-plane (Q ⊥ ) contributions to the total Q-factors. On the one hand, our numerical simulations can only take into account the in-plane contribution, Q . On the other hand, it is well known that spatially localized modes, such as the one shown in Fig.S2 (c) resembling a defect state of a photonic crystal cavity, have large leakage in the vertical direction 6, 14, 28, 29 . Therefore, the simulated high-Q modes, that have many k vectors falling within the leaky region 29 , are not efficiently guided within the membrane but rather they leak out to free-space very quickly 6 . This loss channel results in a measured total quality factor that is smaller than the calculated transverse one.
One additional aspect that must be taken into account in the comparison between experiment and simulation is that the fabricated devices consists of 1000 air holes while the highly demanding computational resources limit the numerical simulations to 500 holes. Indeed, the number of holes impacts the number of modes characterizing the spiral 16 . To circumvent this issue, we have studied the scaling properties of the simulated Q-factors for a membrane with 215 nm holes with respect to the number of spiral elements N. 
